Human erythrocyte suspensions in an isotonic Na-phosphate buffer, pH 7.4, of hematocrit of 2% were exposed under air to gamma radiation at a dose rate of 2.2 kGy. Erythrocytes were irradiated with single doses, and identical doses split into two fractions with an interval time of 3.5 h between following exposures. The obtained results indicated that the irradiation of enucleated human erythrocytes with split doses caused a reduction of hemolysis (2.4 times), a decrease in the level of damage to membrane lipids and the contents of MetHb, compared with identical single doses. However, the splitting of radiation doses did not change the level of damage to the membrane proteins, as was estimated with a maleimide spin label. The obtained results suggest that a decrease in the level of damage to lipids was related to a decrease in hemolysis.
INTRODUCTION
The results of many studies indicate that cells and tissues of various kinds become more resistant to the damaging effect of ionizing radiation if they have been previously irradiated with a small dose. Induced radioresistance or an adaptive response to the first dose was proposed to explain these results. [1] [2] [3] [4] The molecular mechanisms triggered by the adaptive dose remain unclear. It is generally postulated that this phenomenon might be due to the induction of repair, or the factor controlling the fidelity of repair, or could result from the activation of antioxidant defense systems as well. 5, 6) In addition, the irradiation of a high LET (linear energy transfer) was less able to induce radioresistance other than X or gamma rays. 7) In our earlier papers 8, 9) we concentrated on examining the influence of split doses on radiation-induced hemolysis of enucleated cells, viz mature human erythrocytes.
The results of these studies indicated that human erythrocytes showed lower hemolysis when the total dose (2.7 kGy) was split into two fractions (0.4 and 2.3 kGy), compared to radiation given in a single dose (at two dose-rates equal to 4 kGy h -1 or 2.2 kGy h -1 ). The critical factors limiting this effect were: the magnitude of the first radiation dose, the so-called "conditioning dose", and the time interval between exposures. In this work we extended the range of studies determining dose-response curves for the hemolysis of erythrocytes irradiated with single and split doses, and simultaneously determining the level of lipid peroxidation, the degree of hemoglobin oxidation and changes in the physical state of erythrocyte membranes.
The aim of this study was to find the relationship between changes in the biochemical parameters of erythrocytes and the reduction in the rate of hemolysis of these cells after split irradiation doses.
MATERIALS AND METHODS

Chemicals
Cellulose HBS was from Serva (Heidelberg, Germany); 5-, 12-, 16-doxylstearic acid, 2,2,6,6-tetrametyl-4-maleimidopiperidin-N-oxyl, thiobarbituric acid, and phenyl-methylsulfonyl fluoride were purchased from Sigma Chemical Co., Poole Dorset, UK. Other chemicals were obtained from POCH (Gliwice, Poland) (all of analytical grade). All solutions were made with water purified by a Milli-Q system.
Preparation of an erythrocyte suspension
Blood samples from healthy adult donors were provided by the Central Blood Bank in Lodz. Erythrocytes were separated from blood plasma and leucocytes were collected by centrifugation at 2,000 ×g for 10 min (4°C), washed three times with sodium phosphate buffered saline (145 mM NaCl in 10 mM sodium phosphate, pH 7.4; PBS) and the buffy coat was aspirated each time. In order to remove the residual leucocytes, erythrocytes were passed through an α-microcrystalline cellulose HBS column, washed with 0.1 M Na-phosphate buffer (pH 7.4), and resuspended in the same buffer to obtain a hematocrit of 2%.
Irradiation conditions
Two percent erythrocyte suspensions in 0.1 M Na-phosphate buffer (pH 7.4) with or without glucose were irradiated from a 60 Co-γ-radiation source at 22°C in an atmosphere of air. The dose rate estimated with a modified Fricke dosimeter was 2.2 kGy h -1 . During irradiation, erythrocyte suspensions were stirred with a magnetic bar. Erythrocyte suspensions were irradiated with single or split doses in the range from 0.8 kGy to 4 kGy.
In experiments with a split dose, the total dose received by cells was the same as a single one. When it was divided into two fractions with a time interval of 3.5 h, the first dose was equal to 0.4 kGy, while the second one was variable. The incubation of erythrocytes between exposures was carried out at a temperature of 22°C. Irradiation was performed at the Institute of Applied Radiation Chemistry, the Technical University of Lódz.
Determination of hemolysis
The hemolysis of erythrocytes was determined based on the ratio of hemoglobin (Hb) released from cells to the total cellular Hb content. After irradiation, erythrocyte suspensions were centrifuged, the supernatant was carefully collected and the absorbance at 630 nm was measured after the oxidation of iron with K3[Fe(CN)6]. The erythrocytes were hemolysed with distilled water and the absorbance of the solution was measured as described above. The percentage of hemolysis was calculated according to:
where A1 is the absorbance of Hb in the supernatant and A2 is the absorbance of Hb in the hemolysed erythrocytes. The absorbance was measured on a Cary-1 spectrophotometer (Varian, Australia). All experiments were repeated at least three times, and all values were plotted as mean ± standard deviation of the mean.
9)
Determination of methemoglobin (MetHb) content in irradiated erythrocytes
The percentage of MetHb content was measured in the residual erythrocytes after their hemolysis. The absorbance of the solutions was measured at 630 nm before the oxidation of iron and after its total oxidation with K3[Fe(CN)6]. The content of Fe(III) was calculated according to Koziczak et al.
9)
Determination of lipid peroxidation
Lipid peroxidation was quantified by measuring the formation of thiobarbituric acid reactive substances TBARS. 10) Erythrocyte suspensions were mixed in a ratio of 1:1 with a solution containing 15% (w/v) trichloroacetic acid (TCA), 0.375% (w/v) thiobarbituric acid (TBA) and 0.25 M HCl. After 10 min of incubation and centrifugation the supernatant was separated, heated in a boiling water bath for 15 min, cooled and centrifuged. The absorbance of the supernatant was measured at 532 nm. Lipid peroxidation was expressed in absorbance units.
Preparation of erythrocyte membranes
Erythrocyte membranes were prepared according to a method of Dodge et al. 11) with some modifications. Hemolysis was carried out at 4°C with 20 volumes of 20 mM Na-phosphate buffer (pH 7.4), containing 1 mM ethylenediaminetetraacetate (EDTA) and 0.5 mM phenylmethylsulfonyl fluoride (PMSF) as protease inhibitors. The membrane ghosts were washed successively with 20 mM, 10 mM and 5 mM ice-cold Na-phosphate buffer (pH 7.4) until the ghosts were free of residual hemoglobin. The protein concentration in the membrane preparations was determined by a method of Lowry et al.
12)
Spin labelling of erythrocytes and erythrocyte membranes
The electron spin resonance spectra of erythrocytes labelled with 5-doxylstearic acid (5-DSA), 12-doxylstearic acid (12-DSA) and 16-doxylstearic acid (16-DSA) were used to monitor the fluidity of membrane lipids according to Gordon et al. 13) Ethanol solutions of appropriate spin labels were added to erythrocyte suspensions and incubated for 1 h at ambient temperature. The concentration of spin labels was 6.2 × 10 6 molecules/cell. The final ethanol concentration did not exceed 0.05%.
From the ESR spectra of 5-DSA ( Fig. 1 ) an order parameter S was derived by measuring the outer and inner hyperfine splitting, 2TII and 2T⊥, using the following formula
For the 12-DSA spectra (Fig. 2) , the ratio of the low-field peak height to the midfield peak height, A/h 0, was calculated. 14) From the 16-DSA spectra (Fig. 3) the difference between the rotational correlation time, τ C , and τ B was calculated 15, 16) using the formula ∆τ = τ C -τ B , where Changes in the protein conformation were estimated accordingly to Barber et al. 17) by spin labelling of erythrocyte membranes with 1 mg of 2,2,6,6-tetramethyl-4-maleimidopiperidin-N-oxyl (MSL) per 25 mg of protein and incubation at 4°C for 30 min. Then excess of the label was removed by washing it with PBS. The spectra of MSL attached to the membrane protein were analysed by measuring of the ratio of weakly (h W ) and strongly (h S ) immobilized components of the low-field peak (Fig. 4) . All ESR spectra were measured at ambient temperature using a Bruker 300 E ESR spectrometer.
Statistics
The statistical significance of differences was estimated using the Student's t test.
RESULTS
Dose-response curves for erythrocyte hemolysis induced by single and split doses of gamma radiation are shown in Figs. 5 A and B. Erythrocytes were irradiated as described in "MATERIAL AND METHODS." The following parameters were used for a curve description: D q , the "quasi-threshold" dose (the dose where the exponential part of the curve crosses the abscissa for non-hemolysed fraction of cells of 100%); D 0 , the reciprocal of the slope (k) of the terminal straight of the curve (D 0 = 1/k). D 0 is the most important parameter to characterize the radiosensitivity of cellular systems.
The parameters of the dose-response curves for erythrocyte hemolysis presented in Table 1 indicated that all of the curves displayed similar values of D q doses, but variable D 0 doses. A lower D 0 dose indicated more rapid hemolysis. In both cases, with or without glucose, erythrocytes irradiated with split doses hemolysed 2.4-times slower than erythrocytes irradiated with single doses. However, at the same time, the presence of glucose caused a decrease in the rate of hemolysis. In a phosphate buffer, with the addition of glucose, the hemolysis of erythrocytes was about 1.7-times slower than in a buffer without glucose, independently of the way of irradiation.
The decrease in the level of hemolysis was accompanied by a decrease in the level of the products of lipid peroxidation reacting with TBA. There were no statistically significant differences in the level of lipid peroxidation between erythrocytes irradiated in a phosphate buffer with or without glucose. Therefore, only the results illustrating the level of lipid peroxidation in suspensions of erythrocytes irradiated in a phosphate buffer are shown. As it can be seen in Fig. 6 , the level of lipid peroxidation increases with the dose in erythrocyte suspensions irradiated with both single or split doses. However, the level of lipid peroxidation was lower for preparations irradiated with split doses. The greatest differences were observed at a dose of 2.0 kGy (prehemolytic dose). For doses higher than D q , when hemolysis began, the difference in the level of lipid peroxidation between preparations irradiated with single and split doses was smaller. It is important to stress that at a dose of 0.4 kGy (the first fraction of the divided dose), the level of lipid peroxidation was equal to the control (∆A532nm = 0.009, data not shown). At this dose, hemoglobin iron remained in the reduced state in erythrocytes irradiated in both mediums, while at higher doses, processes of iron oxidation began and MetHb appeared. However, the differences between single and split doses were statistically significant only at a dose of 2.0 kGy. For doses higher than Dq, these differences were within the experimental error. The results concerning phosphate buffer are shown in Fig. 7 . In the case of erythrocytes irradiated in the presence of glucose, changes in the level of MetHb were similar to those shown in Fig. 7 (results not shown) . Generally, the presence of glucose caused a decrease in the content of MetHb in erythrocytes irradiated with split as well as single doses. These results indicated that erythrocyte hemolysis induced by radiation was proceeded by intensive processes of hemoglobin and lipid oxidation.
To study the structure of plasma membrane erythrocyte, cells were labelled with spin labels. Measurements of erythrocytes irradiated with a single or split dose of 2.7 kGy were carried out in a phosphate buffer without glucose. The values of the parameters designating the fluidity of the lipid bilayer in the erythrocyte membranes are given in Table 2 . The values of the ratio A/h0, characterizing the fluidity of lipids at a depth of 12-carbon, increased with the radiation dose. For a single dose of 2.7 kGy, the A/h0 ratio was equal to 0.245; however, for the same, but split, dose, it was lower and equal to 0.182. The difference in the values of the A/h0 ratio between single and split doses was statistically significant. At the same time, the rotational correlation time (∆τ) for 16-DSA, estimated for the same irradiation doses, decreased compared with the control. For erythrocytes irradiated with a split dose, the values were lower than those for erythrocytes irradiated with a single dose. Generally speaking, an increase in the A/h0 ratio, as well as a decrease in ∆τ, indicates a fluidisation of lipids in the membrane hydrophobic regions. 14, 16) It should be emphasized that the values of these parameters, determined for erythrocytes irradiated with a split dose, were close to the values corresponding to the 0.4 kGy dose. Thus, splitting of an irradiation dose diminished the damage to membrane lipids.
The order parameter (S) was also determined, but no significant difference in this parameter between single and split doses was observed.
Structural changes in membrane proteins were analysed based on the ESR spectra of MSL, bound to erythrocyte membranes (Table 2) . A decrease in the hW/hS ratio in irradiated erythrocytes indicated conformational changes in the membrane proteins, connected with a reduction of accessibility of the protein -SH groups for the label. The differences in hW/hS values, determined for membrane proteins of erythrocytes irradiated with single and split doses, were not statistically significant (p = 0.07), which indicated that splitting of the radiation dose did not have any influence on the level of damage to the membrane proteins of erythrocytes, as measured by the MSL spin label. 
DISCUSSION
The results described in this paper indicated that the irradiation of enucleated erythrocytes with split doses caused a reduction of hemolysis (2.4 times, Table 1 ), a decrease in the content of MetHb and the level of damage to membrane lipids in comparison with the same single doses. However, the splitting of radiation doses did not change the level of damage to the membrane proteins. The principal radicals causing damage during erythrocyte irradiation under the conditions used in this work are hydroxyl radicals. 18, 19) In experiments with split doses, the value of the first dose was always equal to 0.4 kGy, which we can describe as "a conditioning dose." At this dose, neither the products of lipid peroxidation (TBARS) nor MetHb were observed in erythrocytes. However, the value of the hw/hs parameter decreased by about 40%, indicating changes in the conformation of proteins. A further increase of the dose to 2.7 kGy caused no such drastic changes (Table 2 ). One can suggest that these changes are irreversible; therefore, separation of the dose could not affect them. At the same time, at a dose of 0.4 kGy, changes occurring in the lipid fluidity did not differ considerably from that of the control ( Table 2 ). The increase of dose to 2.7 kGy caused relatively large changes in the lipid fluidity. The separation of radiation doses with an interval between the successive exposures caused lesser changes in the physical states of lipids compared with a single dose. A high level of protein alterations compared with lipids suggests that proteins were actually the primary target attacked by OH radicals.
Damaged proteins could, however, further influence membrane lipids. Guille et al. 20) suggested that the alterations in motion of spin labels observed in erythrocyte membranes after irradiation were most likely due to changes in the structure of proteins, which then affected the membrane lipids. However, Verma and Rastogi 21) showed that proteins modified by radiation inhibited the formation of peroxide products. In this way, proteins, the most sensitive components of membranes, could protect lipids against radiation-induced damage. Lower hemolysis appears to be positively correlated with lower damage to membrane lipids.
Apart from this, a variety of enzymatic and chemical reactions occurring during the interval between subsequent doses might protect erythrocytes from oxidative injury. There are proofs in the literature of postradiation repair in human and avian erythrocytes. [22] [23] [24] Erythrocytes contain chemical and enzymatic defence systems, which can reduce the amount of water radiolysis products reacting with the target molecules during the first radiation dose. The regeneration of these systems during the interval before the following dose can reduce the amount of radicals damaging cells in split-dose irradiation. This role can be carried out by a pool of anti-oxidants, such as α-tocopherol, reduced glutathione and ascorbic acid. 25, 26) These chemical compounds can also repair the target molecules. In addition, cytosolic enzymes, such as methemoglobin reductase, glutathione peroxidase, superoxide dismutase and catalase, belong to the most important enzymatic defence systems in erythrocytes. 27) The functioning of glutathione peroxidase and methemoglobin reductase is connected with the metabolism of glucose, which is a source of energy and reducing equivalent. One can suppose that during a break between successive exposures, the accumulation of metabolites occurred, which maintained the oxidation-reduction systems in a proper state. This postradiation repair may be the reason why separated doses can cause less damage compared with single doses.
Irradiated erythrocytes in the presence of glucose did not change the cellular response to separated doses of irradiation. Glucose diminish the level of hemolysis and the content of MetHb independently of dose separation. These results indicate a protective role of glucose against radiation, which seems to have been caused by its participation in metabolic processes. It is generally known that radiation-induced erythrocyte hemolysis takes place more slowly in the presence of glucose. 28) However, a lack of an influence of glucose on the level of lipid peroxidation suggests that in the systems studied the concentration of glucose might have been too low to play the role of an OH radical scavenger.
In conclusion, a smaller level of damage to lipids could cause a decrease of hemolysis. Such a suggestion would be in accordance with the model of hemolysis described by Sato et al. 29) This model is based on the assumption that erythrocyte hemolysis is caused by lipid peroxidation and protein oxidation. However, neither lipid peroxidation nor protein oxidation alone causes hemolysis. One may suppose that the decrease of damage to lipids is not the only parameter which affects the decrease of erythrocyte hemolysis after splitting doses. Further experiments are necessary to explain the problem.
